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Abstract
Optical-absorption measurements on n- and p-type Mg2Ge single crystals were made at wavelengths between
1.5 and 25 μ at temperatures between 4.2 and 300°K. The absorption edge in p-type crystals arises from
allowed indirect transitions. The energy gap is 0.570 eV at 0°K and the phonon involved has an energy of
0.025 eV. At higher temperatures the temperature dependence of the energy gap is -1.8×10−4 eV/deg. At
longer wavelengths p-type crystals exhibit absorption bands interpreted as being caused by transitions
between three valence bands at the center of the Brillouin zone as in germanium. The spin-orbit splitting of
these bands is 0.20 eV and the ratio of heavy-hole mass to light-hole mass is 6±1. The n-type samples have an
absorption band at 0.58 eV (0°K) of uncertain origin, and λ2.5 free-carrier absorption, indicating optical-
mode scattering.
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Infrared Absorption in MgsGe*
L. A. Loxrt ANn D. W. LvNcH
Institute for Atomic Research and DePartment of Physics, Iowa State Unseersity, Ames, Iowa
(Received 26 July 1965)
Optical-absorption measurements on n- and P-type Mg2Ge single crystals were made at wavelengths be-
between 1.5 and 25 p at temperatures between 4.2 and 300'K. The absorption edge in p-type crystals arises
from allowed indirect transitions. The energy gap is 0.570 eV at 0 K and the phonon involved has an energy
of 0.025 eV. At higher temperatures the temperature dependence of the energy gap is —1.8X10 4 eV/deg.
At longer wavelengths p-type crystals exhibit absorption bands interpreted as being caused by transitions
between three valence bands at the center of the Brillouin zone as in germanium. The spin-orbit splitting of
these bands is 0.20 eV and the ratio of heavy-hole mass to light-hole mass is 6&1.The n-type samples have
an absorption band at 0.58 eV (O'K) of uncertain origin, and X"free-carrier absorption, indicating optical-
mode scattering.
I. INTRODUCTION
'AGNESIUM germanide is a member of the
~ family of compounds composed of magnesium
and elements of column IVA of the periodic table.
The compounds are Mg~Si, Mg2Ge, Mg2Sn, and Mg2Pb,
all of which are semiconductors except Mg2Pb which
exhibits metallic behavior. They are all cubic, crystalliz-
ing in the CaI'2 structure. The electrical properties of
the magnesium compounds have been the subject of a
number of investigations in which determinations of
energy gaps and effective masses were made. ' 5
McWilliams and Lynch' and Kahan et al.~ measured
the infrared reQectivities of Mg2Si, Mg2Ge, and Mg2Sn
and observed reststrahl reAectivity peaks indicating
the partially ionic character of the compounds. Koenig
et al. ' made infrared-absorption measurements on
Mg2Si and Mg2Ge. These measurements on the absorp-
tion edges could not be fitted to any theoretical model
and thus the energy gaps could not be determined,
although it appeared that the absorption was due to
indirect transitions. Blunt et al.' and Lawson and
coworkers' examined the absorption edge in Mg2Sn.
Lipson and Kahan' studied the infrared absorption in
Mg&Sn. They concluded that absorption in the edge was
due to indirect transitions and determined values of
the energy gap as a function of temperature and of the
*Work was performed at the Ames Laboratory of the U. S.
Atomic Energy Commission. Contribution No. 1761.
$ Present address: The Dow Chemical Company, Rocky Flats
Division, Golden, Colorado.
' V. Winkler, Helv. Phys. Acta, 28, 633 (1955).
' W. D. Lawson, S. Nielsen, E. H. Putley, and V. Roberts, J.
Electronics 1, 203 (1955).
' H. P. R. Frederikse, W. R. Hosier, and D. E. Roberts, Phys.
Rev. 103, 67 (1956).
4 R. G. Morris, R. D. Redin, and G. C. Danielson, Phys. Rev.
109, 1909 (1958).
5 R. D. Redin, R. G. Morris, and G. C. Danielson, Phys. Rev.
109, 1916 (1958).
6D. McWilliams and D. W. Lynch, Phys. Rev. 130, 2248
(1963).
' A. Kahan, H. G. Lipson, and E.V. Loewenstein, in Proceedirlgs
of the 7th International Conference on the Physics of Semiconductors,
Paris (Dunod Cie., Paris, 1964), p. 1067.
' P. Koenig, D. W. Lynch, and G. C. Danielson, J.Phys. Chem.
Solids 20, 122 (1961).
' R. F.Blunt, H. P. R. Frederikse, and W. R. Hosier, Phys. Rev.
100, 663 (1955).
n H. G. Lipson and A. Kahan, Phys. Rev. 133, A800 (1964).
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energy of the phonon assisting the indirect transitions.
Relatively little is known about the band structure of
the magnesium compounds. Mead" made optical-
absorption and surface-barrier photoresponse measure-
ments on Mg2Ge and at 10'K found an indirect transi-
tion at 0.57 eV and a direct transition at 1.804 eV.
Whitten and Danielson's" piezoresistance measure-
ments indicated that the conduction-band minima in
MgsSi occur along the (100) directions in k space, as is
the case for silicon. Utneda" reports a (100) conduction-
band minimum determined by magnetoresistance
measurements on Mg2Sn. Theoretical investigations of
the band structure of the compounds have recently
been initiated, with Lee's calculations' for Mg2Si and
Mg2Ge the only results obtained at the time of this
writing.
With the quality of crystals currently available, it
was felt that considerable information about the band
structure of the magnesium compounds could be
obtained by a thorough study of the infrared absorption
in Mg2Ge. Preliminary measurements on several of the
better Mg2Si crystals available showed them to be too
opaque in the photon energy region below the absorp-
tion edge for a fruitful analysis of experimental results.
II. EXPERIMENTAL METHODS
Single crystals of Mg2Ge were grown by the Bridgman
technique. The crystal growth of the magnesium
compounds has been described in some detail' and will
not be discussed here. Thin samples for the optical-
transmission measurements were produced by grinding
to the desired thickness and then polishing with
aluminum oxide abrasive on a wax lap. Measurements
were made on the polished surfaces without etching,
as a suitable etch for Mg2Ge was not found.
The optical measurements were made with the
samples placed in the monochromatic exit beam of a
Perkin-Elmer model 99 single-beam, double-pass mono-
"C A Mead, J Appl Phys 35, 2460 (1964)
"W.B. Whitten and G. C. Danielson, in Proceedings of the 7th
international Conference on the Physics of Semiconductors, paris(Dunod Cie., Paris, 1964), p. 537.
n J. Umeda, J. Phys. Soc. Japan 18, 2052 (1964).P. M. Lee, Phys. Rev. 135, A1110 (1964).
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chromator equipped with a globar source and a thermo-
couple detector. Prisms of LiF, NaC1, KBr, and CsBr
were used in the appropriate spectral regions.
The sample was mounted directly on the bottom of
the inner chamber of an optical cryostat which con-
tained the coolant at the desired temperature. This was
either a dry-ice-acetone mixture (196'K), liquid nitro-
gen (77'K), or liquid helium (4.2'K). The sample area
was surrounded by a small vacuum-tight chamber into
which helium exchange gas could be admitted to
increase the thermal contact between sample and
coolant. Sapphire windows were sealed to this chamber
by the method of Roberts. "Sample temperatures were
measured with an Au 0.07 at.%%uoFeversu scu thermo-
couple calibrated by Finnemore et al. ,'6 and it was
found that with the exchange gas, sample temperatures
equal to those of the liquid coolants were achieved even
at liquid-helium temperature. The sapphire windows
were removed for measurements at longer wavelengths.
Without the exchange gas the crystal temperatures were
several degrees higher than the refrigerant temperatures.
The sample was mounted with GE 7031 adhesive
over one of two identical apertures which were fastened
to the cryostat. The cryostat could be moved transverse
to the light beam so that either the sample or the blank
aperture could be placed in the beam. By this sample-in,
sample-out technique, the transmission of the sample
was determined. The absorption coefficients were
determined from the transmission values from the
relation
T= (1—E)'e ~"/(1—R'e '"e)
where T is the transmission, a the absorption coeScient,
d the sample thickness, and R the bulk reQectivity.
This expression is derived considering multiple reQec-
tions from the sample surfaces but neglecting interfer-
ence eGects. For the sample thicknesses used, the
spectral bandwidths were suf5ciently large so that no
interference effects were actually observed.
The reQectivities of several cleaved and polished
surfaces were measured at room temperature in the
range of the measured absorption edge and all agreed
well with those predicted by the refractive-index
measurements of McWilliams and Lynch. '~ These
values were used in determining the absorption coeQi-
cients at all temperatures.
III. INTRINSIC ABSORPTION EDGE
The absorption spectrum at low absorption levels of
an undoped, p-type MgsGe sample with a room-
temperature carrier concentration of about 10"cm ' is
shown in Fig. 1. The steep increase in absorption at
» V. Roberts, J. Sci. Instr. 51, 251 (1954).
"D. K. Finnemore, J. K. Ostenson, and T. F. Stromberg,
U. S. Atomic Energy Commission Report No. IS-1046, 1964
(unpublished).
'7 D. McWilliams and D. W. Lynch, J. Opt. Soc. Am. 53, 298
(1963).
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FxG. 1. Absorption edge of P-Mg20e. The sample thickness
is 0.232 cm. The room-temperature carrier concentration is
about 10'%m'.
' G. G. Maciarlane and V. Roberts, Phys. Rev. 97, 1.714 (1.955).
» G. G. Macfarlane and R. Roberts, Phys. Rev. 98, 1865 (1955).
0 R. Braunstein, A. R. Moore, and F. Herman, Phys. Rev. 109,
695 (1958).
~'nhv is often equated to the quantity on the right in the above
equation arith theoretical justi6cation. The use of 0. instead of
uhv gives essentially the same values of Xe and 8 with our data.
higher photon energies is identified as the intrinsic
absorption edge.
The experimental data for Mg2Ge can be interpreted
satisfactorily by the theory of allowed indirect electronic
transitions across the forbidden energy gap assisted by
the absorption and emission of phonons. A least-squares
Qt to the data of the one-phonon Macfarlane-Roberts
expression' "was made. This expression was erst used
by Macfarlane and Roberts to describe the absorption
edges in Si and Ge and later by Braunstein et al."for
Ge-Si alloys. This expression is
(h~ —E+E8)' (hu E E8)'——
ot=A —+
exp(8/T) —1 1—exp( —8/T)
where a is the absorption coeKcient, hs the photon
energy, E the energy gap, E8 the phonon energy (E
being Boltzmann's constant), T the absolute tempera-
ture, and A a constant essentially independent of
temperature. "The first term of the expression is valid
for hv&E —E8 and corresponds to the absorption of a
phonon of energy Ee, while the second term holds for
h p) E+E8and corresponds to the emission of a phonon.
The result of the analysis for Mg&Ge is shown in
Fig. 2, where the square root of the absorption coeffi-
cient is plotted versus photon energy after subtraction
of a constant background absorption. The absorption
curve for each temperature was treated independently
without requiring the parameters A and Ee to be the
same at all temperatures. Instead, the values deter-
mined for these parameters at diferent temperatures
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~ G. G. Macfarlane, T. P. McLean, J. E. Quarrington, and
V. Roberts, Phys. Rev. 108, 1377 {j.957).
'3 P. L. Chung, W. B. Whitten, and G. C. Danielson, J. Phys.
Chem. Solids (to be published).
were compared as a test of how well theory and exper-
iment agree. Over the temperature range from 4.2 to
300'K, the value found for A varied. by about 20%.
This compares fairly well with the case of Ge where
Macfarlane et a/."found the corresponding quantity to
change by about 15%over the same temperature range.
The values found for the phonon energy Eo at 300
and 196'K differed by about 5% and an average value
at these temperatures of 0.025 eV was taken as the
energy of the phonon involved in the indirect transitions
in Mg~Ge at all temperatures. This value was used to
determine the energy gap at 77 and 4.2'K. This was
necessary because at low temperatures, only the
quantity E+EB can be determined accurately as the
magnitude of the phonon absorption term becomes
quite small.
Table I shows the value of the phonon energy and
energy gaps determined by averaging the results from
four crystals. The estimated error in E is about 0.001 eV.
The phonon energy of 0.025 eV was compared with
the phonon spectrum of Mg&Ge calculated by Chung"
from a point-charge model using elastic constants and
optical data, and is representative of his values for
phonon energies near the edge of the Brillouin zone. In
fact, 0.025 eV agrees within 5% with the energy of the
longitudinal acoustic phonon at the edge of the zone in
the (100), (110), and (111) directions. Longitudinal
TsnLE L Energy gap and phonon energy of Mg&Ge (in eV).
optical (LO) modes of large wave vector also appear
to have energies near 0.025 eV. The LO modes of small
wave vector are believed to interact strongly with the
electrons in Mg~Ge. ~'
Figure 3 shows the values of the energy gap found in
the analysis plotted versus temperature. The slope of
the straight-line portion of the curve at higher tempera-
tures was calculated to be BE/BT= —1.8X10 4 eV/'K.
This agrees with Mead's" value of the slope, but it is
lower than the estimate of —6.5X10 4 eV/'K given by
Koenig et ul. ' However, their value was determined by
measuring the temperature shift of the point on the
absorption edge having a constant absorption coeKcient
of 100 cm '. This gives a result higher than the actual
shift of the energy gap, as can be seen from the tempera-
ture dependence of the Macfarlane-Roberts expression.
The straight-line portion of Fig. 3 extrapolates to 0.585
eV at O'K, and is the value of the gap that electrical
measurements should give. Redin' found 0.69 eV for
this energy, while Winkler' obtained 0.74 eV.
High-resolution measurements on the absorption
edge of Ge and Si by Macfarlane et ul. revealed four
distinct portions in the curves of (n)'Is versus hp
instead of just two.""These results were interpreted in
terms of indirect transitions assisted by the absorption
and emission not of one, but of two diferent types of
phonons identi6ed as both the longitudinal and trans-
verse acoustic phonons. Xo such complex structure is
evident in the absorption edge of Mg~Ge, although the
spectral resolution was high enough to see such structure
in the absorption edge of a pure Ge crystal at room
temperature. It is concluded that if any such Gne
structure exists in the absorption edge of Mg~Ge, higher
resolution will be needed to see it than is needed for
~ G. G. Macfarlane, T. P. McLean, J. E. Quarrfngton
V. Roberts, Phys. Rev. 111, 1245 (195g).
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pure Ge. For these measurements, the slit widths were
approximately 0.002 to 0.003 eV compared with 0.001
to 0.0004 eV for the high-resolution work on Si and Ge.
It is felt that this study of the absorption edge
establishes reasonably well the fact that Mg2Ge has an
indirect gap and yields useful values for the energy gap
as a function of temperature. Although no Qne structure
due to the absorption and emission of more than one
kind of phonon was observed, the phonon energy of
0.025 eV obtained from the one-phonon Macfarlane-
Roberts analysis represents an average phonon energy
for the indirect interband transitions in Mg2Ge.
» F. R. Kessler, Phys. Status Solidi 5, 3 (1964).I F. R. Kessler, Phys. Status Solidi 6, 3 (1964).
» O. Madelung, Physics of III-V CompogmEs (John Wiley 8r.
Sons, Inc. , ¹mYork, 1964), p. 67.
Iv. FREE-CARRIER ABSORPTION
1. P-Type MgsGe
The absorption spectrum of p-type MgsGe at wave-
lengths longer than that of the absorption edge is
dominated by strongly temperature-dependent absorp-
tion bands. Figure 4 shows the absorption spectrum of
a p-type silver-doped MgsGe crystal with a carrier
concentration of 9X10"cm '. There is a strong absorp-
tion peak that, as the temperature increases, broadens
and shifts from about 0.28 eV at 300'K to 0.22 eV at
10'K. A very weak peak at 0.19 eV is evident at the
higher temperatures but disappears entirely at 80 and
10'K. There is a hint of a third absorption band at low
photon energies which seems to begin at about 0.10 eV,
although it is not completely covered by the energy
range measured.
This type of absorption spectrum is similar to those
seen in a number of other p-type semiconductors, in
which the absorption has been interpreted arising from
electronic transitions between three germanium-like
valence bands. " '~ Assuming such a valence-band
structure for Mg2Ge, the highest energy peak can be
attributed to vertical transitions between the heavy-
hole band and the band split off by the spin-orbit
interaction, the intermediate energy peak to transitions
between the light-hole band and the split-oG band, and
the low-energy peak to transitions from the heavy-hole
to the light-hole band.
The intermediate absorption peak at 0.19 eV, which
would correspond to transitions between the light-hole
and split-oG band, is very weak. In fact, there is some
doubt that it exists at all because it occurs in the
spectral region in which atmospheric water vapor has a
complicated absorption spectrum, making absorption
measurements dificult using a single-beam instrument.
Interpreting an absorption spectrum as arising from
transitions between three germanium-like valence bands
even when the intermediate energy peak is absent, is
not without precedent. Such is the case for AlSb, where
it has been suggested" that this missing absorption peak.
is broadened or obscured by nonvertical transitions
between bands due to scattering.
Kahn' assumed parabolic bands and derived expres-
sions for the absorption due to transitions between
the three valence bands in Ge. These expressions show
the temperature and photon-energy dependence of the
absorption bands to be dependent on the spin-orbit
splitting at the center of the zone and on ratios of pairs
of the three hole effective masses. Applying Kahn's
expressions to Mg2Ge, the best Gt to the experimental
data is found for a spin-orbit splitting of 0.20 eV and a
ratio of heavy-hole mass to light-hole mass of 6~1.
In making this Gt, the position of the trough between
the two high-energy peaks and the shift with tempera-
ture of the high energy peak were the criteria used.
Although such a determination of the eQective masses is
at best a rough estimate, the observed absorption
spectrum in p-type MgsGe is, nevertheless, direct
evidence of a valence-band structure similar to that of
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FIG. 4. Free-carrier absorption in p-type Mg20e containing ~10 8
carriers/cm'at room temperature.
'8R. Braunstein and E. 0. Kane, J. Phys. Chem. Solids 23,
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~ A. H. Kahn, Phys. Rev. 97, 1647 (1964).
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Ge and yields a fairly accura e,t ~10~~ value for the
s in-orbit splitting at the center of the Brillouin zone.pi - r it i ing
spi ing 0l tt' f a compound can be relate to the spin-or it
s littirlgs 0i tt' f the constitutent elements. p'—pi t
h F ' states in the compound is assum ed
e ual to the average of the spin-orbit sp i ings
elements weig te y eh d b the fraction of time an electron
n an M atom and ~3 of the time on a Ge atom.
nds one ets spin-orbit splittings of . e
for Mg2Si and 0.60 eV for Mg~Sn. us i is
that absorption due o rat t nsitions between va ence
e itbands can be roun inr" d these compounds, because
~ ~ked b the reststrahl absorption inwould be mas y
M S d by the absorption edge in g2 n, ing2 i all
ut 0.15 eV.the energy gap is only abo t
The sharing time of electrons between Mg and Ge
should be related in some way to the
' '
yionicity of the
compound. Naively using 3—3
' ' tothe -' ' sharing time
lue of, 0.7e for t ecalculate a static ionic charge, a va, f
h Mg ion (—1.4e on each Ge ion)ionic charge on eac
is found, where e is e eth lectronic charge. This ionic
charge is irnportan in it ' binding considerations an in
t ""It is not equal to the effectivesome elastic constan s.
'
n effects.charge w ic incuh h 1 des dynamic polarization .
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of edge absorption.
2. tl-Type Mg~Ge
In m-type material, the absorption edge of Mg&Ge is
5 shows the absorption spectrum of an a umin - p
cr stal wit a room-' n -tern erature carrier concentration
of 6X10" cm—. igure'. F' 6 shows the absorption band
f th intrinsic edge absorption. is
absorption was not seen in y - ypan t e materia wi
"to 10" cm— at3concentrations ranging fromhole
o 400'K, The absorptiontern eratures from 4.2 to, e
a eared to e roug yb hl proportional to the electron
d as independent of the dopingconcentration an w
a Inmateria, eing seen' 1, b in crystals doped with Al, G , ,
As and Sc.
b d is similar to those seen in theThe absorption an
at 0.40ounds. Bands were seenother magnesium corn
eV in m-type' g~ i an a
'
yp 8 M S d t 0.16eVini'Mg2Sn. In these
d that the bands arose fromcases it was suggeste
within the conduction band,electronic transitions
although the transitions were not positively i ent e .
It is dBBcult to attempt an explanation of the
b d in MgmGe without a more detailed
lana-knowledge of the band structure. However, the exp
ro osed" for an absorption band in several
e-t e XII-V compounds and n-Si may e ex
MgmGeifLees' an s ruc u' 0 d t t re" is correct. If the conduc-
, P L Chung and G. C. Danieison, J. phya.'4 W. B. Whitten, . . ung,
2 2082 (1961).
49 1965 .
"W. Paul, J. Appl. Phys. 3,
G hile Whitten'4 found an upper limitfor Mg in Mg2 e w e
of 0.66e for g2 i, oM Si b th values determined by Pitting
the calculated phonon spectrum to elastic-cons an
determinations were made from suc wi e y i
a t' and because effective charge is a vagueconsi erations,
f them it does not seem fruit ul toconcept in some o e , '
attempt to corre at late the diferent results.
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tion-band minimum is actually located in the (100)
direction at the point X, as his calculations indicate,
then there is the possibility of vertical transitions from
this minimum (Xr) to the higher Xs band, although
Lee places no confidence in the position of the X3 level.
However, the absorption band is photoconductive, as
shown by Stella and Lynch, "which would indicate that
the absorption results in new charge carriers in the
conduction band. Such a strong photoconductivity
signal would not likely be produced by a change in
mobility, as electrons are excited to a different conduc-
tion band.
Transitions from deep-lying impurity levels to the
conduction-band minimum do not seem likely as there
is no evidence of such levels in Mg2Ge from electrical
measurements Transitions from the valence band to
empty donor levels also seem unlikely, since at 4.2 'K
most of the donor levels would be full, when actually
the absorption peak is still strong.
Structure appears in the absorption at 77 and 4.2'K
in the form of a secondary peak about 0.03 ev higher
than the main peak. This suggests the possibility that
the secondary peak is due to a transition from an
impurity level 0.03 eV below the conduction-band
minimum to a higher conduction band, while the main
peak is due to transitions from the conduction-band
minimum. This is in agreement with the results of
Redin, ' who made estimates of from 0.03 to 0.077 eV
for donor ionization energies. If this were the case, one
8' A. Stella and D. W. Lynch, J. Phys. Chem. Solids 25, 1253
(1964).
"R. D. Redin, Ph.D. thesis, Iowa State University, 1957
(unpubhshed).
would expect the primary peak to be smaller at 4.2 'K
when few electrons from the relatively deep level of
0.03 eV would be thermally excited to the conduction
band. Such a trend is evident in Fig. 6, but it could
also arise from other factors, such as diminishing
phonon population or smaller spread in electron wave
vectors at low temperatures.
In short, there is no preponderance of evidence
supporting any one mechanism as giving rise to the
absorption band in e-type Mg2Ge. However, the most
likely possibilities remain transitions in which the Anal
state is a higher conduction band.
The absorption coeKcient of n-type Mg&Ge at wave-
lengths longer than that of the absorption edge increases
monotonically with increasing wavelength. This can be
described by a X~ wavelength dependence, where the
power p varies from 2.35 at 300'K to 2.50 at 80'K.
This is best fit by the theory of optical-mode scattering
of Visvanathan, 38 who found for scattering by longi-
tudinal optical modes a free-carrier absorption of X2 5
for hv&&kT. The X2,5 behavior of the free-electron
absorption in MgsGe is shown in Fig. 7, where us~' is
plotted versus wavelength for an m-type aluminum-
doped crystal with an electron concentration of 6X 10'~
cm
This interpretation of optical-mode scattering is
consistent with the partially polar character of Mg2Ge
and with electrical measurements in which it was
suggested that optical-mode scattering is important at
low temperatures. ' However, the possibility of a com-
bination of other scattering mechanisms giving rise to
the X" free-electron absorption cannot be discounted.
"S.Visvanathan, Phys. Rev. 120, 37& (]96Q).
